Blockade of the pathway including programmed death-ligand 1 (PD-L1) and its receptor programmed cell death protein 1 (PD-1) has produced clinical benefits in patients with a variety of cancers. Elevated levels of soluble PD-L1 (sPD-L1) have been associated with worse prognosis in renal cell carcinoma and multiple myeloma. However, the regulatory roles and function of sPD-L1 particularly in connection with immune checkpoint blockade treatment are not fully understood. We identified four splice variants of PD-L1 in melanoma cells, and all of them are secreted. Secretion of sPD-L1 resulted from alternate splicing activities, cytokine induction, cell stress, cell injury, and cell death in melanoma cells. Pretreatment levels of sPD-L1 were elevated in stage IV melanoma patient sera compared with healthy donors. High pretreatment levels of sPD-L1 were associated with increased likelihood of progressive disease in patients treated by CTLA-4 or PD-1 blockade. Although changes in circulating sPD-L1 early after treatment could not distinguish responders from those with progressive disease, after five months of treatment by CTLA-4 or PD-1 blockade patients who had increased circulating sPD-L1 had greater likelihood of developing a partial response. Induction of sPD-L1 was associated with increased circulating cytokines after CTLA-4 blockade but not following PD-1 blockade. Circulating sPD-L1 is a prognostic biomarker that may predict outcomes for subgroups of patients receiving checkpoint inhibitors.
Introduction
Programmed death-ligand 1 (PD-L1) is a membrane-bound protein primarily expressed on dendritic cells (DC) and monocytes (1) . Its receptor, programmed cell death protein 1 (PD-1), is expressed on activated T cells and B cells, DC, and monocytes (1) . As T cells engage with the antigen/MHC complex, binding of PD-L1 to PD-1 inhibits T-cell activation, leading to immune suppression (1, 2) . A wide range of tumors express PD-L1 (3) (4) (5) (6) . Although conflicting reports exist for melanoma (7) , PD-L1 expression is associated with worse clinical outcomes in some tumor types (8, 9) . Blocking the PD-1/PD-L1 interaction increases antigen-specific T-cell activity whereas decreasing Treg suppressive function (10, 11) . Antibodies that block either PD-1 or PD-L1 improve clinical responses as well as patients' overall survival in many tumor types (12) (13) (14) (15) (16) .
Soluble PD-L1 (sPD-L1) in sera is associated with aggressive renal cell carcinoma and shorter survival in multiple myeloma and diffuse large B-cell lymphoma (17) (18) (19) . sPD-L1 can be produced by cytokine-activated mature DCs in vitro (20) . However, the mechanisms by which sPD-L1 in patients are generated remain poorly understood. The clinical significance of circulating sPD-L1 in melanoma is unknown. A splice variant of PD-L1, which lacks the IgV domain by splicing out exon 2 (21) , is likely neither secreted nor functional, because it retains the transmembrane domain but lacks the PD-1 binding site within the IgV domain. An additional variant with splicing regions in exons 3 and 4 is documented in Genbank (Accession: AY714881).
Here, we identify four splice variants of PD-L1 in melanoma and investigated production of sPD-L1 in patients receiving immune checkpoint blockade.
Materials and Methods

Cell lines
A375, K008, K028, K029, K033, M34, and UACC257 melanoma cell lines were cultured in DMEM medium with 10% fetal bovine serum. 293T cells were cultured in complete DMEM. Human melanoma cells were isolated from tumor biopsies of melanoma patients, and the human melanoma cell lines were developed approximately 25 years ago in accordance with DanaFarber/Harvard Cancer Center Institutional Review Board approved protocols. UACC257 cells were kindly provided by Dr. David E. Fisher from Massachusetts General Hospital, Boston, 11 years ago. A375 cells were obtained from ATCC 10 years ago. The cell lines have been used in current project for 5 years. All cell lines were confirmed to express MITF and melanocytic markers. Cell line authentication was performed using short tandem repeat profiling and profiling data were compared with known cell line DNA profiles in the end of current project in 2016.
Plasma and sera of healthy donors and melanoma patients
Peripheral blood samples were obtained from melanoma patients and healthy donors on Dana-Farber Cancer Center Institutional Review Board approved protocols. Peripheral blood was collected in heparinized and anticoagulant-free tubes. Plasma and serum supernatants were collected by centrifugation. Specimens were further analyzed from 42 patients receiving combination ipilimumab plus bevacizumab in a clinical trial (NCT00790010; ref. 22) , from 23 patients receiving ipilimumab, and from 35 patients receiving pembrolizumab (anti-PD-1) at DFCI. Peripheral blood samples were obtained from melanoma patients in the NCI-sponsored Eastern Cooperative Group Trial E1608 comparing ipilimumab plus sargramostim with ipilimumab (NCT01134614; ref. 23) . Peripheral blood was collected in red top, anticoagulant-free tubes, shipped overnight from clinical sites to the ECOG-ACRIN immunology reference Lab at the University of Pittsburgh Cancer Institute, where it was processed upon receipt for serum. Serum supernatant was collected by centrifugation and stored at a À80 C in monitored freezer. Specimens were further analyzed from 151 patients. Among them, 78 patients were treated with ipilimumab plus sargramostim (arm A), and 73 patients received ipilimumab (control arm B).
RT-PCR and human PD-L1 variant cloning
Total RNA of melanoma cell lines was generated with the RNeasy Mini Kit (Qiagen). RNA (1 mg) of each melanoma cell line was reverse-transcripted to cDNA with SuperScript reverse transcriptase (Life Technologies). PD-L1 transcripts from A375 and M34 melanoma cell lines were cloned by PCR with a XbaI restriction site tagged forward primer: GCGTCGTCTAGAGCCAC-CATGAGGATATTTGCTGTCT encompassing the translational start site and a SalI tagged reverse primer: Sal1 GCGCCAGTC-GACTTACGTCTCCTCCAAATGTGT encompassing the translational stop site of full-length PD-L1. The PCR products were cloned into a TA TOPO vector (Life Technologies) for sequencing analysis. The variants of PD-L1 were further inserted into a lentiviral transfer vector pELNS, which was kindly provided by Dr. Michael P. Riley from University of Pennsylvania (Philadelphia, PA).
To detect mRNA splicing variants of PD-L1 in melanoma cell lines, primers were designed to contain both ends of splice donor and acceptor, and were specific for PD-L1-1, 3/12, and 9 variants ( Supplementary Fig. S1 ). The specific primers of PD-L1-1, PD-L1-3/12, and PD-L1-9 were CCAAATGAAAGGACTCACTTG/CGTC-TCCTCCAAATGTGTATCTT, AAGTCCTGAGTGGAGATTAGATC/ CATTCTCCCAAGTGAGTCC, and ACCAGCACACTGAGAAT-CAAC/CACATCCATCATTCTCCCAAG, respectively. The sizes of PCR products were 103, 104, and 161 bps, respectively. The identities of the PCR products were confirmed by sequencing (Eton Bioscience Inc.).
Transfection, lentiviral production, and lentiviral transduction
The pELNS expressing PD-L1 variants were cotransfected into 293T cells with three packaging plasmids expressing gag/pol, VSVg, and REV using TransfectIT-293 (Mirus). Lentiviral supernatants were collected and filtered. PD-L1-1, PD-L1-3, and PD-L1-9 were transduced into 1 Â 10 5 A375 cells with the supernatant in the presence of 8 mg/mL Polybrene (EMD Millipore).
Immunoprecipitation, SDS-PAGE, and immunoblotting
For BRAF resistant cell line studies, approximately 8 Â 10 7 PLX4032 resistant A375 and 1 Â 10 7 PLX4032 resistant M34 melanoma cell lines were cultured in complete DMEM medium in the presence of 1 mg/mL PLX4032 for 2 days. After washing with PBS three times, the cells were further cultured in Opti-MEM reduced serum medium (Life Technologies) in the presence of 1 mg/mL PLX4032 for 2 days. For cytokine induction studies, approximately 5-30 Â 10 6 cells (A375, K008, K028, and UACC257) were cultured in complete DMEM medium for 2 days. After washing with PBS three times, the melanoma cell lines were cultured in Opti-MEM reduced serum medium in the presence of either 200 U/mL IFNg (Biolegend), or 2000 U/mL IFNa (EMD Millipore), or 10 ng/mL TNFa (R&D systems) for an additional 2 days. The culture media were collected, and concentrated with a 3K cutoff Centriprep spin column (EMD Millipore). Samples were normalized by cell numbers. Concentrated supernatant was incubated with 0.5 mg anti-human PD-L1 mAb (clone 29E.2A3, Biolegend) and 10 mL protein G plus agarose (Santa Cruz Biotechnology) at 4 C overnight. After washing with PBS, the agarose beads were resuspended in Laemmli's reducing buffer (Boston Bioproducts), and further heated. Immunoprecipitated proteins were subjected to 12% SDS-polyacrylamide gel electrophoresis (PAGE), and transferred onto PVDF membranes. The membranes were immunoblotted overnight at 4 C with a biotinylated goat anti-human PD-L1 at 0.1 mg/mL (R&D systems), and further incubated with HRP-conjugated streptavidin at 2.5 mg/mL (Jackson ImmunoResearch) at room temperature for 2 hours. The protein bands were detected by chemiluminescence (PerkinElmer).
PD-L1/Fc fusion protein C H 2 and C H 3 domains of human IgG1 were fused to PD-L1-3, PD-L1-9, and PD-L1-1 in pELNS vector. PD-L1-3/Fc, PD-L1-9/Fc, and PD-L1-1/Fc were transduced into CHO-S cells by lentiviral supernatant in the presence of 8 mg/mL Polybrene (EMD Millipore), respectively. PD-L1-3/Fc, PD-L1-9/Fc, and PD-L1-1/Fc were purified with protein A agarose (Life Technologies). It was further confirmed by SDS-PAGE and Coomassie staining, and by immunoblotting with anti-human PD-L1 mAb (29E.1D5) (Supplementary Fig. S2A and S2B ).
Proliferation assay
To generate activated T cells, human na€ ve CD4 þ or CD8 þ T cells were treated with 10 mg/mL PHA for 3 days and further rested overnight. A total of 1 Â 10 5 cells/well of PHA-activated CD4 þ or CD8 þ T cells were stimulated with 5 mg/mL coated anti-CD3 (BD Biosciences) in the absence or presence of 10 mg/mL coated either recombinant fusion proteins of PD-L1 variants or human IgG for 3 days, and further pulsed with [ 
sPD-L1 ELISA
To assay sPD-L1 variants, 0.1 mg/well of mouse anti-human PD-L1 mab (130021, R&D systems) or 0.2 mg/well anti-human PD-L1 mAb (29E.12B1) was coated on Costar ELISA plates overnight at 4 C. Plates were then washed with PBS and blocked with proteinfree blocking buffer (Pierce) for 4 hours. Patient sera or plasma were diluted with PBS in 1:1 volume ratio. One-hundred microliters per well of diluted patient sera or plasma was added and incubated overnight at 4 C. Plates were washed with PBS containing Tween-20, and incubated with 100 mL per well of 0.1 mg/well biotinylated anti-PD-L1 mAb (29E.2A3, Biolegend) in proteinfree blocking buffer at room temperature for 2 hours. Plates were then washed and incubated with 1 mg/mL streptavidin-HRP (Jackson ImmunoResearch) diluted 1:40,000 in protein-free blocking buffer for 2 hours. Plates were washed and treated with biotinyl tyramide (Perkin Elmer) for 30 minutes, and then washed and incubated with 1 mg/mL streptavidin-HRP (Jackson ImmunoResearch) diluted 1:400,000 in protein-free blocking buffer for 2 hours with further development with TMB (Pierce). Plates were read at an optical density (O.D.) of 450 nm. All samples were assayed in duplicate. A standard curve using recombinant human PD-L1-HIS (Novoprotein) was also performed with each assay.
Cytokine Luminex assay
IFNa, IFNg, and TNFa in plasma of melanoma patients were quantified by a Luminex beads kit (EMD Millipore). Twenty-five microliters/well of antibody coupled beads and 50 mL/well of diluted patient plasma were added into a 96-well plate and incubated overnight at 4 C. Plates were processed following manufacturer's instruction and read by Luminex 200 (Luminex Corporation). All samples were performed in duplicate. The standard curves were also performed with each assay.
Statistical analyses
ELISAs were conducted in duplicate to examine sPD-L1 in patient serum samples. A value of 0.1 ng/mL was determined to be the lower limit of detection on the basis of sensitivity of the ELISA assay. If assay values were < 0.1 ng/mL, 0.01 ng/mL was substituted. Clinical comparisons addressed two hypotheses: (i) high levels of sPD-L1 were associated with progressive disease; and (ii) long-term or delayed increases in sPD-L1 were associated with favorable clinical response. Data from the ipilimumab plus bevacizumab trial were used as a test set; data from E1608 and from patients treated with ipilimumab and PD-1 were validation sets. Division points in pretreatment sPD-L1 in sPD-L1 used in the analysis were based on the test set and were selected to determined using the algorithm of Contal-O'Quigley (24) . Division points for pretreatment sPD-L1 L and sPD-L1 all were 0.5 ng/mL and 1.4 ng/ mL, respectively. An increase of at least 1.5-fold relative to pretreatment was considered meaningful.
Pretreatment comparisons were based on data from all patients. Five-month landmark samples were used to assess the effects of change in sPD-L1 upon response or survival. Patients who were alive and had posttreatment samples collected between 5 and 7 months (ipilimumab plus bevacizumab trial) or 5 and 11 months (E1608 Control Arm B or PD-1) were followed forward in time. If multiple samples were collected for a patient during the landmark window, data from the first sample were used in the analysis. Two sample Student t tests with unequal variances were conducted to assess sPD-L1 pretreatment level differences in sera between healthy donors and melanoma patients. The comparisons of clinical response according to categories of pretreatment levels or on-treatment increases in sPD-L1 were carried out with Fisher exact tests. Comparisons of sPD-L1 levels according to response were based on Kruskal-Wallis tests. The distribution of overall survival was summarized using the method of KaplanMeier; comparisons of survival according to pretreatment or ontreatment sPD-L1 classes were based on log-rank tests. All tests were two-sided, and P < 0.05 was considered statistically significant.
Results
Splice variants of PD-L1 in melanoma
We identified four splice variants in addition to full-length PD-L1 in both A375 and M34 melanoma cell lines (Fig. 1) . The PD-L1-3 variant has been previously reported in Genebank (Accession: AY714881). The PD-L1-1 variant has a 60-bp deletion from nucleotide (nt)-791 to 850 of PD-L1 ( Fig. 1 ). This deletion removes 20 amino acids of the intracellular domain. The splice occurs from the end of exon 4 to the middle of exon 6, deleting exon 5 and half of exon 6. The PD-L1-12 variant has a splice in the extracellular domain resulting in a 106-bp deletion from nt-531 to 636 within the exon 3 region, resulting in a frame shift leading to a stop codon 4 nt after nt-530 in exon 3. The resulting protein is truncated before the transmembrane domain and terminates with a different amino acid. PD-L1-9 has lost a 66-bp region from nt-725 to 790 in exon 4. This results in a frame shift leading to a stop codon 4 nt after nt-724 before the transmembrane domain, and adding two additional amino acids at the end. Variant PD-L1-3 has both the splices of PD-L1-9 and PD-L1-12, but encodes the same protein as PD-L1-12, as the second splice occurs after the stop codon of PD-L1-3.
We used primers specific to the splice variants to examine their expression in six melanoma cell lines. Five of the melanoma cell lines expressed all of the variants. The sixth line, K029, lacked variant PD-L1-9 ( Supplementary Fig. S2C ). Thus, PD-L1 splice variants are generally expressed in melanoma.
Secretion of PD-L1 variants
Because splice variants lacking the transmembrane domain could be secreted, we assayed culture supernatants of cell lines A375, K008, K028, M34, and UACC257 for sPD-L1. Three PD-L1 bands of 24, 38, and 45 kDa were detected in the culture medium of all cell lines. PD-L1-3 and PD-L1-9 corresponded to the 24 and 38 kDa bands, respectively. A375 cells, in which PD-L1-3 and PD-L1-9 were overexpressed, secreted more sPD-L1 than did parental or mock infected cells ( Fig. 2A and B) . Thus, these melanoma cell lines secrete sPD-L1 variants.
Overexpression of PD-L1-1 in A375 cells not only increased the membrane-bound form ( Supplementary Fig. S2D ), but also increased the soluble 38 and 45 kDa bands in the culture medium (Fig. 2B) . Secretion of sPD-L1 may result from alternative spliced variants of the PD-L1 transcript.
Biologic activity of sPD-L1
PD-L1 inhibits T-cell activation. To assess the function of the sPD-L1 variants, we stimulated PHA-activated human CD4 þ and CD8 þ T cells with anti-CD3 in the absence or presence of either fusion proteins of PD-L1 variants (Supplementary Fig. S2A and S2B) or human IgG1 for 3 days. Activated CD4 þ and CD8 þ T cells Alternative spliced variants of V600E BRAF have been reported in BRAF inhibitor resistant melanoma tumors (26) . To examine whether BRAF inhibitor-resistant melanoma cell lines induced sPD-L1 expression, culture medium from PLX4032-resistant A375 and M34 cells was analyzed. The M34 parental cells produced modest amounts of the 38 and 45 kDa sPD-L1, which was increased about 4.6-fold in the PLX4032 resistant M34 cells (Fig.  2D) . Although concentrations of the 38 and 45 kDa sPD-L1 variants were relatively high in parental supernatants, expression of the 24 kDa sPD-L1 variant increased about 2-fold in supernatants from PLX4032-resistant A375 cells (Fig. 2D) . 1,500 To assess the effects of cytokines, such as IFNg (which induces PD-L1) on the secretion of sPD-L1 variants, cell lines A375, K008, K028, and UACC257 were cultured in the absence or presence of IFNg (200 U/mL), IFNa (2,000 U/mL), or TNFa (10 ng/mL) for 2 days. The 38 and 45 kDa bands of sPD-L1 were increased 4 or 2.3-fold by IFNg treatment, 2.7 or 1.3-fold by IFNa, and 1.6 or 1.2-fold by TNFa, in supernatants from cell lines A375 and K008, respectively ( Fig. 2E and F) . The 38-and 45-kDa bands of PD-L1 in supernatant from K028 were increased by about 14-fold with IFNg or TNFa treatments and by 6.6-fold with IFNa treatment (Fig. 2G) . The 38-and 45-kDa bands increased in cell line UACC257 supernatants 6.3-or 4.7-fold with IFNg or IFNa treatments, respectively, and the 24-kDa band increased 2.2-fold with IFNa treatment (Fig. 2H ). Different melanoma cell lines appeared to produce different sPD-L1 variants in response to different cytokine treatment.
Cytokine treatment of A375, K028, and UACC257 melanoma cell lines resulted in increased secretion of sPD-L1, as well as increased expression of cell surface PD-L1 and decreased cell proliferation (Fig. 2E , G, and H; Supplementary Fig. S4A-S4C ). K008 cells constitutively express PD-L1, but express sPD-L1 in response to cytokine treatment ( Fig. 2F; Supplementary Fig. S4D ). Thus, cytokines induced expression of both sPD-L1 and PD-L1 in a dose-dependent manner in melanoma cell lines (Supplementary Fig. S5A-S5F) .
The expression of cell surface PD-L1 parallels expression of sPD-L1 in melanoma cell lines without cytokine treatment (Supplementary Figs. S4 and S5G), and is inducible by sodium azide (Supplementary Fig. S6 ). We suggest that secretion or release of sPD-L1 can result from BRAF-resistance mechanisms, cytokine induction, cell stress or cell injury, or cell death.
Development of sPD-L1 ELISA
We developed ELISA assays with two capture antibodies that detect PD-L1 variants. Specificity was assayed with concentrations of recombinant PD-L1 (Novoprotein), PDL2 (Novoprotein), ML-IAP (R&D systems), and human IgG1 (SouthernBiotech) ranging from 0.001 ng/mL to 100 ng/mL ( Supplementary Fig. S7A and S7B). Mouse anti PD-L1 mAbs, clone 29E.12B1, and 130021 were both specific and sensitive capture mAbs for PD-L1. The lower limit of detection sensitivity was 0.1 ng/mL of recombinant PD-L1.
The specificity of the two capture ELISA assays for the sPD-L1 variants was also investigated. The pretreatment secretion of sPD-L1 in A375 was below the level of detection. Thus, A375 cells were transduced with either PD-L1-3, or PD-L1-9, or PD-L1-1 and the supernatants were assayed by ELISA ( Supplementary Fig. S7C and  S7D ). Amino acid regions of sPD-L1 variants, amino acid regions of recombinant PD-L1-3/Fc and PD-L1-HIS, and antibody recognition regions are shown in Supplementary Table S1A and S1B, and Supplementary Fig. S8A , respectively. Clone 130021 mAb was able to detect sPD-L1-9 and sPD-L1-1 variants, which are the two longer forms (PD-L1 L ) with an intact IgC domain, whereas clone 29E.12B1 mAb recognized all three sPD-L1 variants (PD-L1 all ).
To confirm the different recognitions of these two antibodies, recombinant PD-L1-3/Fc and PD-L1-HIS were detected with the antibodies by SDS-PAGE and immunoblotting. Clone 130021 only recognized PD-L1-HIS, which contains the complete extracellular domain found in the long soluble forms (PD-L1 L ; Supplementary Fig. S8A-S8D ). On the other hand, clone 29E.12B1 detected PD-L1-3/Fc, the shortest form, recognizing an epitope in the IgV domain. Thus, clone 29E.12B1 and clone 130021 can distinguish sPD-L1 variants. The detection mAb 29E.2A3 recognizes an epitope in the IgV domain that is non-overlapping with the 29E.12B1 epitope ( Supplementary Fig. S8E and S8F) .
Quantitative detection of sPD-L1 concentrations between sera and plasma from the same patient showed no differences in these assays ( Supplementary Fig. S9A and S9B ).
sPD-L1 levels in melanoma patients
sPD-L1 in samples from 25 healthy donors and 65 untreated stage IV melanoma patients were analyzed. Concentrations of sPD-L1 all were elevated in the plasma of melanoma patients in comparison with healthy donors (P ¼ 0.04, Fig. 3A) . Circulating sPD-L1 L was undetectable (<0.1 ng/mL) in most, but not all, melanoma patients, similar to healthy donors.
To confirm the presence of sPD-L1 variants in melanoma patient plasma, immunoblot analysis of the immunoprecipitant from plasma was performed. For example, ELISA assay on patient P173 detected a high concentration (1.87 ng/mL) of sPD-L1 all but no (<0.1 ng/mL) sPD-L1 L in pretreatment plasma. This is consistent with the banding pattern of sPD-L1-3 or sPD-L1-12 (Fig. 3B,  left) . In pretreatment plasma from patient P21, both isoforms of sPD-L1 all (14.63 ng/mL) and sPD-L1 L (0.94 ng/mL) were detected, which is consistent with the banding pattern when sPD-L1-3, sPD-L1-12, and sPD-L1-9 were assayed by immunoblot (Fig. 3B, right) .
sPD-L1 levels in melanoma patients on immune checkpoint blockade
To explore the clinical significance of sPD-L1 in patients with melanoma on ipilimumab-based therapy, we first analyzed plasma specimens collected from 42 patients on the ipilimumab (3 mg/kg or 10 mg/kg) combined with bevacizumab (7.5 mg/kg or 15 mg/kg) clinical trial (NCT00790010; ref. 22) . Pretreatment levels of sPD-L1 were determined before starting checkpoint immunotherapy. On the basis of sensitivities and the lower limit of detection of the ELISA assays, pretreatment levels of sPD-L1, sPD-L1 in plasma of melanoma patients. A, sPD-L1 detected in both healthy donors and melanoma patients by ELISA. Data were represented as mean AE SE. B, Immunoprecipitation, SDS-PAGE, and immunoblotting analyses on sPD-L1 in plasma of melanoma patients. sPD-L1 from the culture medium of A375 melanoma cell line was used as a positive control. and clinical outcomes, the patients were divided into three groups: undetectable/low, moderate, and high sPD-L1. For sPD-L1 all , groups were divided into <0.5 ng/mL (low), !0.5 ng/mL and <1.4 ng/mL (moderate), and !1.4 ng/mL (high). For sPD-L1 L , groups were divided into <0.1 ng/mL (low), !0.1 ng/mL and <0.5 ng/mL (moderate), and !0.5 ng/mL (high). All patients with high pretreatment levels of either sPD-L1 all or sPD-L1 L experienced progressive disease (PD; Fisher exact test P ¼ 0.0015 and 0.025, respectively; Table 1A and 1B; Supplementary  Fig. S10 ).
We next sought to investigate kinetic changes of sPD-L1 in patients as a function of treatment. We began with a cohort of patients treated with ipilimumab plus bevacizumab (NCT00790010; ref. 22) . Among the five patients with high pretreatment concentrations of sPD-L1 all and the three patients with high pretreatment sPD-L1 L , patients after treatment showed either unchanged, or increased, or decreased sPD-L1 all and sPD-L1 L ( Fig. 4A; Supplementary Fig. S10A and S10B). To investigate the associations between sPD-L1 and immunologic responses, we examined the kinetic changes of cytokines in plasma samples in relation to changes in sPD-L1. Patients with high pretreatment concentrations of sPD-L1 showed either decreased or no change in circulating cytokine production after treatment ( Fig. 4A ; Supplementary Figs. S10A-S10H andS11), suggesting that high pretreatment concentrations of sPD-L1 may suppress effective antitumor immunity directly or may be a proxy for a state of dominant immune inhibition.
Whether the increases in sPD-L1 may be a pharmacodynamic marker and related to clinical outcomes regardless of the pretreatment concentration of sPD-L1 was next explored. Fourteen patients experienced !1.5-fold increases in either sPD-L1 all or sPD-L1 L following treatment with ipilimumab-bevacizumab (Figs. 4B and 5; Supplementary Fig. S10A-S10F) . Four of five patients who had !1.5-fold increases in either sPD-L1 all or sPD-L1 L within 4.5 months showed progressive disease (Supplementary Fig. S10A-S10F ). Eight patients who had increases in either sPD-L1 all or PD-L1 L after 5 months of treatment experienced favorable clinical responses and corresponding increases in cytokines, and patients with <1.5-fold increases in sPD-L1 experienced less favorable outcomes ( Figs. 4B and 5; Supplementary Figs . S10A-S10F and S11). Landmark analyses indicated significant associations between the increases of sPD-L1 and partial responses (Fisher exact test P ¼ 0.02 and 0.006 for sPD-L1 all and sPD-L1 L analyses, respectively, Fig. 5A and B; Supplementary Fig.  S10G and S10H). The peak posttreatment sPD-L1 corresponded with clinical disease regressions (Fig. 4B, bottom) . In patients without increasing sPD-L1, increases in cytokines after 5 months of treatment were associated with stable disease (Supplementary Figs. S10 and S11). We suggest that functional immune activation, as assessed by induction of sPD-L1, can be associated with cytokine production from the immune activation that resulted from treatment.
To further investigate the role of sPD-L1 related to ipilimumab alone, 23 patients who received ipilimumab (dose 3 mg/kg) were studied. Two patients with high pretreatment concentrations of sPD-L1 all experienced progressive disease. The single patient with high pretreatment sPD-L1 L experienced stable disease, but only had 12 months survival ( Supplementary Fig. S12A-D) . Only two patients had partial responses: patients P187 and P169 (Supplementary Fig. S12C-12H decreased at 8 months after therapy. Upon closer exploration of the levels of sPD-L1 all/L after the initial analyses, the treatment resulted in a 1.5-fold increase in the calculated shortest variant of sPD-L1 (red line, Supplementary Fig. S12I ). Despite limits of sample availability, these data support our findings in the ipilimumab-bevacizumab treated cohort. Table 1C and 1D) .
Next, we focused on kinetic changes of sPD-L1 within the ipilimumab-only arm (73 patients). Many patients with !1.5-fold increase in sPD-L1 within 4.5 months suffered progressive disease ( Supplementary Fig. S13A-S13F ). Patients with !1.5-fold increases in sPD-L1 all after 5 months of treatment were significantly associated with partial responses, compared with patients with <1.5-fold increases (75% vs. 27%, Fisher exact test P ¼ 0.039, Fig. 6A; Supplementary Fig. S13G ). Patients with !1.5-fold increases in sPD-L1 L after 5 months of treatment did not show significant associations with partial responses (56% vs. 36%, Fisher exact test P ¼ 0.42, Fig. 6B; Supplementary Fig.  S13H ). These data are consistent with our findings in the ipilimumab-bevacizumab cohort. Patient EP45, who had a subtle increase of sPD-L1 all (<1.5-fold increase), developed a partial response. Secondary review noted a relative decrease in sPD-L1 L , which resulted in !1.5-fold increase in the calculated shortest variant of sPD-L1 (shown in Fig. 6C ).
To further investigate whether the sPD-L1 relationship between clinical responses was restricted to ipilimumab-based treatment, samples were assayed from 35 patients treated with PD-1 blocking antibody. Four patients had high pretreatment concentrations of either sPD-L1 all or sPD-L1 L , and two of these patients experienced progressive disease (Table 1E and F; Supplementary Fig. S14A and S14B). Kinetic changes of sPD-L1 as a function of treatment were also examined. All eight patients with !1.5-fold increases in sPD-L1 all after 5 months of treatment experienced partial responses, and all four patients with !1.5-fold increases in sPD-L1 L after 5 months of treatment experienced partial responses (Fisher exact test P ¼ 0.007 and P ¼ 0.103, respectively; Fig. 6D and E; Supplementary Fig. S14A-S14H ). These data are consistent with our findings from the ipilimumab treatment cohorts. However, in contrast to that seen following ipilimumab, there were no increases in circulating cytokines in these patients whether or not they had increases in sPD-L1 (Supplementary Fig. S15 ).
Discussion
Great advances in the treatment of patients with metastatic melanoma have been realized over the last decade, in large part due to the development of immune checkpoint inhibitors. Patients that survive 3 years after ipilimumab therapy are likely to experience continued benefit with up to 10 years of follow-up (27) . PD-1 blockade produces higher response rates than ipilimumab (28) . Prognostic and predictive biomarkers for which patients will fail therapy early and which patients will develop durable clinical benefit are needed. The development of future treatments will need to account for the dynamic changes in immune responses as a function of treatment.
Elevated sPD-L1 has been associated with worse clinical outcomes in both renal cell carcinoma and multiple myeloma. Studying metastatic melanoma, here we identified multiple splice variants of PD-L1 and report elevated sPD-L1 in sera from metastatic melanoma patients. Patients with the highest pretreatment sPD-L1 concentrations had a tendency toward rapidly progressive disease after ipilimumab-based therapy. Early changes in sPD-L1 concentrations after checkpoint inhibition therapy did not correspond with benefit. However, rise in sPD-L1 after 5 months of treatment correlated with partial responses in cohorts of patients treated with ipilimumab-based therapy. Rise in sPD-L1 after anti-PD-1 treatment was also associated with partial responses. Changes in circulating cytokines, corresponding with changes in sPD-L1 after anti-CTLA-4-based therapy, were not seen in patients receiving PD-1 blockade, suggesting different mechanisms for increasing circulating sPD-L1 are associated with different immune checkpoint inhibitors.
The sources of sPD-L1 in patients with cancer remain unclear. We found that alternative splicing of PD-L1 occurs in all melanoma cell lines. Alternative splicing of membrane proteins can result in new in-frame stop codons before the transmembrane domain and lead to the secretion of splice variants (29-32). Months ng/mL ng/mL ng/mL ng/mL Fig. S10G and S10H). P < 0.05 are considered statistically significant. Indeed, three splice variants lack the transmembrane domain and result in the secretion of sPD-L1. In one variant, loss of the intracellular domain due to splicing also led to secretion, suggesting that the intracellular domain may stabilizePD-L1 on the cell surface. Aberrant alternative splicing activities occur in a variety of cancers, and these events affect the expression of transcription factors, cell signaling factors, and membrane proteins (29) . Functional changes of these spliced proteins are involved in the development, proliferation, and metastasis of cancers (29, 33, 34) . We show here that such splicing activities for PD-L1 affect metastatic melanoma. High pretreatment concentrations of sPD-L1 that were associated with worse outcomes to checkpoint blockade may reflect the extent of increased splicing activities in melanoma cells as well as tumor burden. This idea is supported by the increased splice variants of sPD-L1 observed in BRAF inhibitor resistant melanoma cell lines. Selective pressures from BRAF inhibitors are also associated with induced splicing variants of BRAF V600E (26) .
The balance between a protumor inflammation and antitumor immune response is complex. Inflammation is a hallmark of cancer (35) and can cause tumor progression (36, 37) . Cytokines also can produce an antitumor immune response and are essential for antitumor immune effector function (36, 38) . As part of the regulatory homeostatic response, cytokines such as IFNg and TNFa induce expression of PD-L1 in a variety of cancer cells (39) (40) (41) (42) . CD8
þ T cells at tumor sites correlate with PD-L1 expression and clinical responses (43, 44) . Our data demonstrated that cytokines, such as IFNa, IFNg, and TNFa, increase splicing activities of PD-L1 leading to secretion of sPD-L1 directly by tumor cells. PD-L1 cell surface expression was parallel to sPD-L1 secretion in response to cytokines in melanoma cancer cells, and patients with moderate pretreatment levels of sPD-L1 experienced favorable clinical outcomes. In addition, most patients with favorable clinical responses showed detectable levels of cytokines in their pretreatment sera. Moderate pretreatment levels of sPD-L1 may indicate existing antitumor immune responses in some patients. Pretreatment sPD-L1 concentrations may be related to preexisting protumor inflammatory responses. Circulating sPD-L1 in the sera of patients may have multiple sources produced by distinct mechanisms. These include intrinsic splicing activities in tumor cells, protumor inflammatory responses, and antitumor immune responses. Patients with high pretreatment sPD-L1 had poor outcomes, perhaps due to large tumor burden, increased aberrant splicing activities in tumor cells, or an exhausted antitumor immune response, which may be difficult to overcome with single checkpoint blockade. As a result, qualitative differences in pretreatment sPD-L1 concentrations could represent either favorable or unfavorable factors for clinical outcomes depending on the source of sPD-L1. Favorable clinical outcomes with immune checkpoint blockade occurred predominately in patients with moderate to low pretreatment sPD-L1. Moderate sPD-L1 may reflect pre-existing antitumor immune responses. Although clinical responses in patients with moderate pretreatment sPD-L1 concentrations were most impressive in the ipilimumab plus bevacizumab trial, this was not seen in the ipilimumab arm of the ECOG 1608 trial. However, cross trial comparisons in the cohorts may not be appropriate, given that it would be comparing different combinations and different treatment doses in nonrandomized cohorts. Multiplex analysis of pretreatment sPD-L1 and cytokine concentrations in patients may help to distinguish PD-L1 splicing activities from tumor cells versus inflammatory responses.
We show that circulating sPD-L1 levels frequently increase as the result of treatment with checkpoint blockade. Patients with long-term or delayed increase in sPD-L1 correspond with clinically beneficial outcomes. This scenario occurred in around 70% of total patients with partial responses. Furthermore, sPD-L1 concentrations are associated with concentrations of circulating cytokines after ipilimumab-based therapy. As secretion of sPD-L1 can result from cytokine induction, cell stress, cell injury, and cell death, increases in sPD-L1 by checkpoint blockade may indirectly reflect antitumor immune responses. Long-term or delayed increases in sPD-L1 following treatment suggest that the antitumor immune responses can overcome the negative barriers of PD-L1 and other potential immune suppressive factors in the tumor microenvironment. Short-term increases in sPD-L1 from treatment were associated with progressive disease and shorter survival in subsets of patients. This suggests a challenge in the early evaluation of sPD-L1 rise and discerning whether rising sPD-L1 is because of tumor progression or activated antitumor immune responses, and determining whether antitumor immune responses could overcome immune suppressive barriers in long term. On the basis of our initial analyses of four cohorts of patients, the minimum time needed to distinguish whether an increase in sPD-L1 increases the likelihood of clinical benefit is approximately 5 months. Further detailed collection of long-term samples from both responding and nonresponding patients is needed to investigate association of sPD-L1 changes and clinical outcomes. Preliminary studies on this were investigated (Supplementary Fig. S16 and S17). Increases in sPD-L1 concentration occurred with both CTLA-4 and PD-1 blockade, indicating that sPD-L1 concentration may be an indicator of beneficial clinical outcomes. Patients receiving CTLA-4 blockade showed associations between increases of sPD-L1 and cytokine production, whereas this association was not observed in patients receiving PD-1 blockade alone. This may be related to the mechanism of action for these drugs, with anti-CTLA-4 acting globally on immune function and anti-PD-1 affecting primarily the tumor microenvironment.
Although tumors that express PD-L1 may produce secreted splice variants detectable in the circulation, the tumor may not be the only source of sPD-L1. Our and others' (20) data (Supplementary Fig. S18 ) also indicated that sPD-L1 can be secreted from human myeloid DC in the presence of cytokines and LPS during DC maturation. sPD-L1 from myeloid DC in patients without treatment can't be ruled out. However, secretion of sPD-L1 results from cytokine presence, cell stress, cell injury and cell death, and long-term or delayed increases in sPD-L1 were associated with favorable clinical outcomes during treatment with checkpoint inhibitors, and the peak posttreatment sPD-L1 corresponded with clinical tumor regression. In contrast, human myeloid DC expressed high levels of PD-L1 and suppressed T-cell activation, and T cells conditioned with PD-L1 blocked myeloid DC inhibited human ovarian carcinoma growth (45) . We suggest that sPD-L1 mainly originated from the tumor in patients who had favorable clinical responses after checkpoint blockade.
sPD-L1 secretion in melanoma is associated with three major splice variants that may be differentially secreted. In addition, secretion of sPD-L1 may more precisely reflect cytokine stimulations, because there are dissociations between constitutive expression of membrane-bound PD-L1 and increases in sPD-L1. PD-L1 variants should be taken into consideration in assay development as there may be difference in biological significance across variants, although sPD-L1 all is more significantly associated with clinical outcomes. We found no associations of sPD-L1 with age, gender, M-stage, and LDH in the current evaluated patient cohorts (Supplementary Table S2 ). These data suggest that high sPDL1 and LDH concentrations may be not related in terms of prognostic or predictive values. It remains unclear whether sPD-L1 is a clinically significant systemic immunosuppressant.
Immune therapy is not as effective in patients with symptomatic, rapidly progressive disease. Although the number of patients with high sPD-L1 prior to anti-PD-1 therapy is small, we found it interesting that some of these benefited from PD-1 blockade. In patients for whom we had plasma samples after 5 months on therapy, we found that those who had 1.5-fold increases in sPD-L1 all plasma concentrations were more likely to achieve partial responses not only to ipilimumab or ipilimumab-bevacizumab treatment, but also anti-PD-1 therapy. Prospective validation of the prognostic and kinetics of sPD-L1 alone or in the context of a multiple assay incorporating cytokines, such as IFNs and TNF, may help establish whether kinetic changes in sPD-L1 after immune checkpoint are effective in predicting not only RECIST criteria responses, but also durable clinical benefit.
In summary, sPD-L1 exists as several variants that can originate from both tumor and immune cells. sPD-L1 may serve as a meaningful and practical dynamic biomarker for the prediction of durable efficacy to immunotherapy agents alone or in the context of additional factors. Soluble circulating factors offer a practical means for monitoring patient outcomes while improving our mechanistic understanding.
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